Background: Chronic obstructive pulmonary disease (COPD) and obstructive sleep apnea (OSA) syndrome are highly prevalent respiratory conditions. Their coexistence is referred to as the overlap syndrome. They are both related to pulmonary hypertension (PH) development. This study investigated the effects of OSA on PH in patients with COPD and the associated factors. Methods: Consecutive patients with stable COPD were recruited for an observational cross-sectional study from September 2016 to May 2018 at Peking University Third Hospital. In total, 106 patients with COPD were enrolled and performed home portable monitoring and echocardiography. OSA was defined by an apnea hypopnea index (AHI) ≥10 events/h. Based on OSA absence or presence, patients were divided into the COPD with OSA and COPD without OSA groups. Factors affecting pulmonary artery pressure (PAP) and PH were identified using univariate analysis and logistic regression models. Results: In the 106 patients with COPD, the mean age was 69.52 years, 91.5% were men, and the mean forced expiratory volume in 1 s (FEV 1 ) percentage of predicted was 56.15%. Fifty-six (52.8%) patients with COPD were diagnosed with OSA, and 24 (22.6%) patients with COPD were diagnosed as PH. Compared with COPD without OSA group, the median PAP in COPD with severe OSA group increased by 5 mmHg (36.00 [26.00-50.00] mmHg vs. 31.00 [24.00-34.00] mmHg, P = 0.036). COPD with percent of night-time spent with oxygen saturation below 90% (T90) > 10% group had higher PAP than COPD with T90 1% group (36.00 [29.00-50.00)] mmHg vs. 29.00 [25.50-34.00] mmHg, F = 7.889, P = 0.007). Univariate analysis revealed age, FEV 1 % predicted, T90, and Charlson index had statistically significant effects on PH. Multiple regression analysis showed a significant and independent effect of both FEV 1 % predicted (odds ratio [OR] = 3.46; 95% confidence interval [CI]: 1.15-10.46; P = 0.028) and AHI (OR = 3.20; 95% CI: 1.09-19.35; P = 0.034) on PH. Conclusions: Patients with COPD with OSA are more susceptible to PH, which is associated with declining lung function and increased severity of OSA. Thus, nocturnal hypoxemia and OSA in elderly patients with COPD should be identified and treated.
Introduction
Chronic obstructive pulmonary disease (COPD) occurs in 13.7% of adults in people aged 40 years or older in China. [1, 2] Owing to the development of an aging population worldwide, the prevalence and mortality rate of COPD are increasing year by year. Obstructive sleep apnea (OSA) accounts for approximately 4.1% of the Chinese population. [3, 4] OSA could cause daytime sleepiness, affect the quality of life and increase mortality of the individuals. The coexistence of both disorders is often referred to as the overlap syndrome, which occurs in approximately 1% of adults. [5] Pulmonary hypertension (PH) is defined as an increase in mean pulmonary arterial pressure (PAP) >25 mmHg at rest as assessed by right heart catheterization. [6] Right heart failure is fatal in patients with COPD, and PH secondary to COPD is the primary cause of right heart failure. The prevalence of PH and cor pulmonale in COPD cases varies from 20.0% to 62.4%. PH is mainly due to chronic hypoxic pulmonary vasoconstriction of the small pulmonary arteries, eventually resulting in vascular remodeling. [7] In the recent 20 years, limited epidemiologic data have suggested that the prevalence of PH in OSA ranges from 17% to 53%. [8] [9] [10] [11] [12] Intermittent hypoxia, negative pleural pressure, and endothelial dysfunction have been shown to play an important role in the pathogenesis of PH in OSA.
OSA can cause severe hypoxemia and hypercapnia at night. Hence, it is speculated that patients with OSA have a higher prevalence of PH, but few studies have investigated this relationship. Thus, the purpose of the current study was to investigate the effects of OSA on PH in patients with COPD and the associated factors by comparing the PAP and proportion of PH in patients with COPD with OSA and without OSA.
Methods

Ethical approval
The study was approved by the Ethics Committee of Third Hospital of Peking University (No. IRB00006761-M2016164). All patients gave their informed consent.
Patient recruitment
This cross-sectional study was performed from September 2016 to May 2018 at Peking University Third Hospital. Patients with stable COPD were invited to participate in study. Participants were allocated into either the group with OSA or into the group without OSA based on whether home portable monitoring evaluation revealed an apnea hypopnea index (AHI) of ≥10 events/h or <10 events/h, respectively. Inclusion criteria were as follows: (1) patients age >40 years; (2) outpatients diagnosed with COPD according to the criteria recommended by China Guidelines of COPD (revised version 2013) [14] ; and (3) patients with stable COPD with no acute exacerbation of symptoms and upper respiratory tract infection in the 6 weeks preceding the study. Exclusion criteria were as follows: (1) patients with an active medical, neurologic or psychiatric disorder that could impact the results of the questionnaire; (2) patients with comorbidities that affected PH (such as acute heart failure, congenital cardiovascular disease, pulmonary embolism, obesity hypoventilation syndrome, central sleep apnea, neuromuscular disease, pulmonary arteritis caused by autoimmune diseases, and other chronic pulmonary diseases such as fibrosis); and (3) patients with near-terminal illness. During a clinical examination, height, weight, and neck circumference were measured. Exposure history of noxious particles, exacerbations in the past 12 months, therapy information, and comorbidities were recorded during a physician-led interview. Participants completed questionnaires related to the assessments of COPD and OSA. Pulmonary function data of patients in the last 6 months were recorded. Patients were asked to perform echocardiography and home portable monitoring.
Pulmonary function tests
A diagnosis of COPD was confirmed by reviewing the medical records for a clinical diagnosis of COPD [14] and spirometric data meeting the diagnostic criteria of global initiative for obstructive lung disease (GOLD) 2017. [15] Pulmonary function tests were performed with a spirometer (Medgraphics, Elite Series DL, St. Paul, MN, USA).
Home portable monitoring
All participants underwent nocturnal sleep monitoring using the ApneaLink TM (ResMed, MAP Medicine Technology, Martinsried, Germany) device at home. The device recorded the patient's nasal respiratory pressure signal, thoracoabdominal movement, and oxygen saturation during sleep. [16] All physiologically important respiratory events were identified using the 2017 American Academy of Sleep Medicine (AASM) definition. [17] Apnea was diagnosed when the peak signal excursion dropped by ≥90% of preevent baseline levels as determined using a nasal pressure sensor for ≥10 s. Hypopnea was diagnosed when the peak signal excursion dropped by ≥30% of pre-event baseline levels as determined using a nasal pressure sensor for ≥10 s in association with ≥4% arterial oxygen desaturation. The OSA severity was categorized based on the AHI as normal (<5), mild (≥5 to 15), moderate (≥15 to 30), and severe (≥30). Considering that OSA was more common in the elderly, we categorized OSA using an AHI of ≥10 events/h.
Echocardiography
All patients underwent transthoracic echocardiography examinations at rest with a two-dimensional, color-flow Doppler apparatus (Vivid E9, GE Vingmed Ultrasound A/S, Strandpromenaden 45, N-3191 Horten, Norway). Subjects were placed in the left lateral position by an experienced ultrasound physician for examination and image acquisition. The right side of the heart (right atrium, tricuspid valve, right ventricle) was investigated to evaluate the right heart performance and to calculate the PAP. When tricuspid regurgitation was recorded using the color-flow Doppler, the maximum velocity (V) of tricuspid incompetence was calculated with a continuous Doppler study of at least four consecutive beats. Right ventricular pressure (RVP) was derived using the equation RVP = 4V 2 + right atrial pressure (RAP). For standardization, a RAP of 5 mmHg was assumed for all patients unless clear features were present such as an inferior vena cava diameter of >2.1 cm with <50% collapsibility. The estimated RVP is considered to represent the PAP, if there is no evidence of pulmonary valvular dysfunction. Tricuspid regurgitation velocity (TRV) >2.8 m/s and systolic PAP >36 mmHg on the echocardiographic examination were regarded as PH. [18] Questionnaires Daytime sleepiness was assessed using the Epworth sleepiness scale (ESS). The patient was diagnosed with daytime sleepiness when the ESS score was ≥9 points. [19] Dyspnea was quantified using the modified Medical Research Council Dyspnea scale (mMRC). [20] Symptoms were also quantified by use of COPD assessment test (CAT). [21] Hospital anxiety depression scale (HADS) was a self-reported, 14-item depression, and anxiety screening instrument assessing the severity of symptoms in medically ill patients. [22] Quality of life in patients with COPD was evaluated using St. George respiratory questionnaire (SGRQ). [23] Significant comorbidities were recorded and quantified according to the wellestablished Charlson index. [24, 25] Exacerbation frequency An acute exacerbation (AE) of COPD was defined as an acute worsening of respiratory symptoms that resulted in additional therapy. The definition of severe exacerbation Chinese Medical Journal 2019;132 (11) www.cmj.org was that patient required hospitalization or visits the emergency room. Patients were asked about the number of exacerbations in the most recent 12 months. [15] Primary outcomes and secondary outcomes Primary outcomes were the PAP and proportion of PH. Secondary outcomes were exacerbation frequency, depression, anxiety, quality of life, and comorbidities.
Statistical analysis
Descriptive data with normal distribution were expressed as mean ± standard deviation (SD 
Results
Of the 159 screened individuals with COPD, 106 participated in the study and completed home portable monitoring and echocardiography. The mean age was 69.52 years, 91.5% were men, and the median body mass index (BMI) was 23.77 kg/m 2 [ Table 1 ]. In total, 56 individuals were allocated to the COPD with OSA group and 50 were allocated to COPD without OSA group [ Figure 1 ].
Baseline characteristics of COPD without OSA group and COPD with OSA group
In 106 patients with COPD, 56 patients (52.8%) had an AHI ≥10 events/h and were considered to have COPD with OSA. Individuals in the COPD without OSA and COPD with OSA groups did not differ by sex, age, BMI, neck circumference, or exposure history of noxious particles. The proportion of patients undergoing drug therapy for stable COPD in the COPD without OSA and COPD with OSA groups was 84.0% and 73.2%, respectively (x 2 = 0.501, P = 0.639). However, the use of theophylline in the COPD without OSA group was 20.4% higher than that in COPD with OSA group (5.4% vs. 26.0%, x 2 = 8.783, P = 0.005). Spirometry demonstrated on an average, moderate and severe COPD. The postbronchodilator forced expiratory volume in 1 s (FEV 1 )/forced vital capacity (FVC) ratio and FEV 1 % predicted of the two groups were similar (56.54% vs. 56.70%, t = À0.061, P = 0.951; 54.19% vs. 57.98%, t = À0.897, P = 0.372, respectively) [ Table 1 ].
Sleep measures in COPD without OSA group and COPD with OSA group
Eighty-four participants (79.2%) with COPD snored and 37 participants (34.9%) with COPD were daytime sleepiness. The prevalence of snoring in the COPD without OSA group was similar to that in the COPD with OSA group (82.1% vs. 76.0%, x 2 = 0.606, P = 0.479). The prevalence of sleepiness between the COPD with and without OSA groups did not show statistical differences ( Table 5 ].
According to the degree of nocturnal hypoxemia, patients with COPD were divided into COPD without hypoxemia group (minimal SpO 2 ≥ 90%), COPD with mild hypoxemia group (85% minimal SpO 2 < 90%), COPD with moderate hypoxemia group (80% minimal SpO 2 < 85%), and COPD with severe hypoxemia group (minimal SpO 2 < 80%). There were no statistical differences in the Chinese Medical Journal 2019;132 (11) www.cmj.org Chinese Medical Journal 2019;132 (11) www.cmj.org median PAP, proportion of PH, and secondary outcomes between the four groups [ Table 6 ].
Based on T90, the patients were also divided into three groups, including COPD with T90 1%, 1% < T90 10% and T90 > 10%. We found that the mean peak TRV (2.87 ± 0.54 m/s vs. Table 7 ].
The Pearson correlations between the three factors (AHI, minimal SpO 2 , and T90) and PAP are shown in Figure 2 . AHI and minimal SpO 2 were not linearly correlated with PAP (r = 0.180, P = 0.121; r = À0.189, P = 0.103); only T90 was positively correlated with PAP (r = 0.252, P = 0.028).
Univariate and logistic regression analysis for the variables associated with PH in subjects with COPD 
Discussion
This study demonstrated that patients with COPD with OSA were more susceptible to PH, which might be associated with declining lung function and increased OSA severity. The main findings of this study are: (1) 56 patients (52.8%) with COPD were diagnosed as OSA, and 24 patients (22.6%) with COPD had PH; (2) COPD with severe OSA group and COPD with T90 >10% group had higher PAP; (3) multiple regression analysis revealed significant and independent effects of both FEV 1 % predicted and AHI on PH. These findings were consistent with our hypothesis that OSA is an aggravating factor of PAP and PH in patients with COPD.
In our study, we showed a high prevalence of OSA in patients with COPD, which was similar to the high prevalence reported in other studies. [26] [27] [28] This might be related to the fact that most of the subjects were elderly and had moderate to severe lung injury. Previous studies have found that the prevalence of OSA increased with age. [29, 30] Considering the average age was 70 years in our study, we used AHI ≥10 events/h as a diagnostic criterion. Moreover, we found that the use of theophylline in COPD with OSA group was higher than that in COPD without OSA group. Previous studies have shown that theophylline could improve AHI, nocturnal hypoxia and sleep-related gas exchange in OSA. [31, 32] Theophylline may have a stimulant effect on central respiratory drive and the upper airway muscles. It is unclear if theophylline is a more suitable drug for patients with COPD with OSA. In addition, 79.2% of patients with COPD snored and 34.9% of patients with COPD were daytime sleepiness. However, snoring and daytime sleepiness were not 
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Data are presented as n (%), the mean ± standard deviation or medians (interquartile range). * P < 0.05 vs. COPD with mild OSA group. † F value. ‡ P < 0.05 vs. COPD without OSA group. Data are presented as n (%), the mean ± standard deviation or medians (interquartile range). * F value. † x 2 value. AE: Acute exacerbation; COPD: Chronic obstructive pulmonary disease; HADS: Hospital anxiety depression scale; PAP: Mean pulmonary arterial pressure; PH: Pulmonary hypertension; SGRQ: St. George respiratory questionnaire; TRV: Tricuspid regurgitation velocity. 1 mmHg = 0.133 kPa.
Chinese Medical Journal 2019;132 (11) www.cmj.org significant clinical features for identifying OSA in patients with COPD. At present, there is no recognized tool for screening OSA in patients with COPD. For patients with COPD, we need to further explore simpler identifiable features and screening methods for OSA. Sleep monitoring is needed to diagnose OSA for patients with COPD.
The present study revealed the prevalence of PH in 22.6% patients with COPD. Previous studies showed 38.7% to 62.4% cases of PH in patients with COPD. [33] [34] [35] In patients with COPD, increased PAP is an independent predictor of future exacerbations and life expectancy reduction. Decrease in the pulmonary vascular bed and chronic hypoxia are two main mechanisms of increased pulmonary vascular resistance and subsequent PH COPD. [7, 36] In the present study, with increasing duration of hypoxemia, a significant increase in PAP was observed. However, we did not directly observe a significant increase in PAP with increasing severity of OSA and hypoxemia. Compared with AHI, the duration of hypoxemia may be more relevant to PH. Therefore, further studies involving larger sample size are needed to understand better clinical and biochemical profile of patients with OSA.
The prevalence of OSA-related PH varies from 17% to 53% in studies using right heart catheterization. [10, 13, 37] In general, older age, high BMI, worse nocturnal desaturations, and poor lung function are closely related to PH in OSA. [10, 38] The occurrence of PH was mainly related to BMI and nocturnal hypoxia, and AHI was not an independent risk factor for PH. However, those studies were not limited to patients with OSA alone and subjects might have chronic cardiopulmonary disease, such as COPD. It is difficult to determine whether PH is due to intermittent hypoxemia caused by sleep apnea or persistent hypoxemia associated with chronic cardiopulmonary disease. Some studies have attempted to control the effect of cardiopulmonary disease as a confounding factor. Small sample studies have shown that the prevalence of PH in OSA without lung or heart disease was 20.7% to 41.0%. [39] Most studies have found that OSA-induced PH was mild to moderate, and some studies have challenged the effect of AHI on PH. [11, 12, 37, 40] Few studies have focused on PH in patients with COPD with OSA. The coexistence of OSA may have a synergistic adverse effect on pulmonary hemodynamics leading to right ventricular dysfunction in patients with COPD. Chaouat et al [41] have Data are presented as n (%), the mean ± standard deviation or medians (interquartile range). * P < 0.05 vs. COPD group with T90 1% group. † P < 0.05 vs. COPD group with 1% < T90 10% group.
‡ F value. Chinese Medical Journal 2019;132 (11) www.cmj.org
reported that the prevalence of PH in patients with overlap syndrome is 29% higher than that in patients with OSA alone. Hawrylkiewicz et al [42] have suggested that PH was very common (14/17, 82.4%) in patients with OS, but did not correlate with the severity of nocturnal desaturation in OS patients. Consistent with other research reports, we also found that patients with COPD with OSA developed more severe hypoxemia at night. In a study by Kendzerska et al, [43] the degree of hypoxemia had a better ability to predict PH than did AHI in individuals with COPD and OSA. In addition, they demonstrated that co-occurrence of COPD and severe OSA has a synergistic effect on cardiovascular events and mortality.
Although our results suggested that apnea-hypopnea was an independent risk factor for PH in patients with COPD, this observation is still controversial. In this present study, we found that AHI and oxygen desaturation index (ODI) did not differ between the groups. This might be explained by the fact that patients with COPD were more likely to experience hypoxemia at night. An increase in upper respiratory resistance during night sleep in patients with COPD is almost always accompanied by hypoxemia. Therefore, hypoxemia occurs with apnea-hypopnea in COPD. Previous studies found the primary determinant of oxygen desaturation during repetitive airway obstruction was the duration of obstruction rather than the number of obstructions, and that hypoxemia was a main factor in elevating PAP. [44] However, repetitive airway obstruction can cause repeated negative changes in intrathoracic pressure, which can lead to increased intrathoracic venous reflux, resulting in right ventricular hypertrophy and PH. A systematic review and meta-analysis showed that patients with OSA exhibited right ventricular dilatation, increased wall thickening, and altered RV function. [45] Repetitive airway obstruction can also cause microarousal and changes in sleep structure. The average PAP during rapid eye movement (REM) sleep is higher than that during non-REM sleep. [46, 47] The increase in sympathetic nerve excitation and catecholamine secretion caused by apneahypopnea, as well as inflammation, oxidative stress, and endothelial dysfunction caused by intermittent hypoxia have been suggested to play a role in the pathogenesis of PH in OSA.
Our study has a few limitations. This study was crosssectional, and we did not observe the compliance and efficacy of positive pressure ventilation therapy in patients with COPD with OSA. We failed to diagnose OSA using polysomnography, and could not assess the quality and stage of sleep in patients with COPD. Compared with polysomnography, the ApneaLink device is a simple, easyto-use and reliable device with high sensitivity and specificity in calculating AHI. Apnea Link has been shown to underestimate and overestimate the AHI of OSA patients; [16, 48] however, we used AHI ≥10 events/h as a criterion for diagnosing OSA to reduce errors. In recent years, echocardiography has been recommended as a first non-invasive screening and diagnostic technique for PH. [18] The accuracy of Doppler echocardiography in evaluating PAP has been verified using right heart catheterization. Patients with TRV-estimated elevated PAP have an intermediate or high risk of PH. This study can help in diagnosis and treatment of these patients with COPD in a timely manner.
In conclusion, we observe that patients with COPD have a high prevalence of OSA. COPD with OSA patients are more susceptible to PH, which is associated with declining lung function and increased OSA severity. The severity of airflow obstruction, apnea-hypopnea and nocturnal hypoxia play important roles in the pathogenesis of PH in patients with COPD. Our observations can help understand the clinical and physiologic characteristics of individuals with COPD, with and without OSA and to identify suspected PH in COPD. Moreover, OSA and nocturnal hypoxemia deserve attention in elderly patients with COPD. The effect of the interaction between COPD and OSA on PH needs further confirmation. Furthermore, whether sleep apnea can promote PAP, or whether this interaction is bidirectional needs further study. 
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